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Sulﬁde globulesSulﬁde globules in mid-ocean ridge basalts (MORBs) from the ultra-slow spreading Southwest Indian Ridge
(SWIR) are present in olivine crystals and in the matrix glass, indicating S-saturated fractionation during mag-
matic evolution. Most of the sulﬁdes were in equilibrium with the magmas based on the Ni contents of the sul-
ﬁdes. The major element trends of MORBs from Zone C (48–51°E) of the SWIR deﬁne two distinct liquid lines of
descent (LLD), including onewhich is composed of MORBs depleted in HREE. TheMORBs have variable PGE con-
centrations with Pd contents ranging from 0.056 to 1.572 ppb. They are PGE-depleted relative to Ni and Cu with
high Cu/Pd ratios (55,000–1,785,000). Quantitative modeling using Pd vs. Ni correlations yields relatively low
amounts of segregated sulﬁdes for both groups assuming complete equilibration between the sulﬁdes and the
melt. However, the correlation of calculated sulfur contents with MgO suggests much higher amounts of segre-
gated sulﬁdes, indicating that the segregated sulﬁdes are incompletely equilibrated with the magma.
There are no obvious correlations between PGE concentrations and spreading rates for MORBs globally. MORBs
from the SWIR show slowly decreasing PGE contents during magmatic evolution but exhibit higher sulﬁde seg-
regation rates compared to MORBs from faster-spreading ridges, largely due to the poor equilibration between
the segregated sulﬁdes and the magma. Such incomplete equilibration could result from thicker lithosphere
and an absence of steady magma chambers and conduits beneath ultra-slow spreading ridges.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The Southwest Indian Ridge (SWIR) is an ultraslow-spreading ridge
with a spreading rate of≤18 mm/year (Dick et al., 2003), characterized
by low degrees of volcanismwith thin crust and thick lithosphericman-
tle (Dunn and Forsyth, 2007). Mid-ocean ridge basalts (MORBs) from
such ridges have high Na8.0 (calculated Na2O contents at 8% MgO,
Klein and Langmuir, 1987), and La/Sm ratios, with high REE concentra-
tions and low CaO/Al2O3 ratios (White et al., 2001). Thicker lithospheric
mantle leads to a shorter melting column and lower degrees of partial
melting (Bown andWhite, 1994), which thus explain the unique chem-
ical compositions of MORBs from ultraslow-spreading ridges (e.g.,
White et al., 2001). However, only very few studies concern how litho-
spheric thickness and the structure of ultra-slow spreading ridges
control the magmatic evolution of MORBs (e.g., Yang et al., 2013).86 20 85290130.MORBmagmas are S-saturated before eruption and probably also in
their source region (Mathez, 1976; Czamanske and Moore, 1977).
Platinum-group elements (PGE) are sensitive to the segregation of
immiscible sulﬁde liquids during the evolution of maﬁc magmas (e.g.,
Hamlyn et al., 1985; Brügmann et al., 1993; Keays, 1995; Fleet et al.,
1996;Maier et al., 1996; Rehkämper et al., 1999; Song et al., 2006). Dur-
ing fractional crystallization of S-undersaturated magmas, the iridium-
subgroup of PGE (IPGE: Os, Ir and Ru) commonly behave as compatible
elements but the platinum-subgroup of PGE (PPGE: Rh, Pt and Pd) are
incompatible (e.g., Puchtel and Humayun, 2001; Righter et al., 2004).
However, if magmas are S-saturated, separation of immiscible sulﬁdes
would produce extremely PGE-depleted magmas (e.g., Peach et al.,
1990; Fleet et al., 1996). Rehkämper et al. (1999) and Bézos et al.
(2005) published Ir, Ru, Pt and Pd data for 36 MORB samples from the
Paciﬁc, Atlantic and Indian oceanic ridges and the Red Sea spreading
centers. These studies showed in a generalway howPGE concentrations
ofMORBs are controlled by different degrees of partialmelting and frac-
tional crystallization (Rehkämper et al., 1999; Bézos et al., 2005). How-
ever, due to the limited high-precision PGE dataset for MORBs globally,
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atics of MORBs is not clear.
Organized and funded by the China Ocean Mineral Resources R & D
Association (COMRA), R/V DaYangYiHao (“Ocean #1”) collected a large
number of new MORB samples from the eastern SWIR. Utilizing new
PGE and sulﬁde composition data from these samples, this paper dis-
cusses the effect of ultra-slow spreading on the silicate fractionation
and sulﬁde saturation history of MORBs.2. Geological setting and samples
The SWIR extends from theBouvet Triple Junction (54°50′S, 00°40′W)
in the South Atlantic Ocean to the Rodrigues Triple Junction (25°30′S,
70°00′E) in the Indian Ocean (Fig. 1). It is an ultraslow-spreading ridge
(Dick et al., 2003) with a full spreading rate varying along the ridge
from ~16–18 mm/year in the west to ~11–12 mm/year in the east (Chu
and Gordon, 1999). The eastern SWIR comprises Zones A, B and C from
east to west (Meyzen et al., 2005), divided by the Melville fracture zone
(60°45′E) and the Gallieni fracture zone (52°20′E) (Sclater et al., 1981;
de Ribet and Patriat, 1988) (Fig. 1). The ridge segment east of theMelville
fracture zone (60°45′E to 69°E, ZoneA)has anoverall obliquity of 25° (the
angle between the normal to the axis and the direction of spreading) and
is devoid of long-lived transform and nontransform discontinuities
(Cannat et al., 1999); the ridge portion between the Gallieni andMelville
fracture zones (52°20′E to 60°45′E, Zone B) has an overall obliquity of 40°
and comprises many long-lived transform and nontransform discontinu-
ities,whereas the ridge segmentwest of theGallieni fracture zone (42°50′
E to 52°20′E, Zone C) has an overall obliquity of 15° and is devoid of long-
lived transform and nontransform discontinuities. Among these three
segments, there is a progressive decrease of the mean axial depth of the
ridge from east to west, correlating with tectonically dominated spread-
ing in the east and magmatically dominated spreading in the west
(Mendel et al., 1997; Cannat et al., 1999). This broad bathymetric varia-
tion suggests thinner crust and/or denser mantle toward the Rodrigues
triple junction (Cannat et al., 1999; Sauter et al., 2001).30°S
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Fig. 1. Topographic map of the Southwest Indian Ridge (SWIR) from Smith and Sandwell (1997
regional location of the study area (box): Southeast Indian Ridge (SEIR), Central Indian Ridge (Samples were dredged along the axis of the SWIR during cruises
DY105-17, DY115-19 and DY115-20 by the R/V DaYangYiHao. Fresh
MORB samples for this study were selected from the three main ridge
segments delimited by the Melville and Gallieni fracture zones (Fig. 1).
The samples are mainly ﬁne-grained and weakly phyric with
hypocrystalline to vitreous textures. Some samples have rims of fresh
glass 1–10 mm thick. Phenocrysts (b5%) are commonly skeletal olivine
and plagioclase and minor chromite. Most samples have matrix com-
posed of plagioclase, clinopyroxene, Ti-bearing magnetite and fresh or
devitriﬁed glass, variolitic to intersertal in texture.
Sulﬁde droplets are very common in MORB glasses. However, most
samples in this study are from basaltic pillows without much glass
rim, thus sulﬁde globules are only observed in four samples. These
globules, 5 to 80 μm in diameter, occur as spherical globules in olivine
crystals (Fig. 2a) or in the matrix glass (Fig. 2b, c and f). They can also
occur interstitially between aggregates of olivine grains (Fig. 2a), and
as angular grains in the matrix (Fig. 2d and e). The sulﬁdes are mainly
composed of Ni–Fe-rich monosulﬁde solid solution (MSS) and Cu–Fe-
rich intermediate solid solution (ISS) with coarse-grained (Fig. 2b),
ﬁne-grained (Fig. 2c), or zoned textures (Fig. 2d and e) according to
the classiﬁcation of Patten et al. (2012). Only one sulﬁde grain (Fig. 2f)
has a homogeneous composition with no internal fractionation of MSS
and ISS phases, different in texture from sulﬁde globules reported
elsewhere.
3. Analytical methods
PGE concentrations were measured by isotope dilution (ID)-ICP-MS
after digestion of samples using a Carius tube technique at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang. Eight grams of rock powder
and an appropriate amount of enriched isotope spike solution contain-
ing 193Ir, 101Ru, 194Pt and 105Pd were digested with 23 ml aqua regia in
a 120-ml, pre-cleaned Carius tube, which was then sealed, placed in a
steel container and heated to 200 °C in an oven. After 10 h, the Carius
tubewas cooled and the contentswere transferred to a 50-ml centrifugeE 70°E65°E
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Fig. 2. SEM photos of sulﬁde grains a) in aggregates of olivine crystals, and within olivine crystals (sample SW-4); b) and c) as perfect spherules in the glass matrix (sample SW-6 and
sample SW-10); d) and e) as angular grains in the matrix (sample SW-6 and sample SW-4). a–e) The sulﬁde grains are mostly composed of monosulﬁde solid solution (MSS) and inter-
mediate solid solution (ISS) with varied textures; f) One sulﬁde globule has homogeneous compositions without an internal structure (sample SW-11).
3A.Y. Yang et al. / Chemical Geology 382 (2014) 1–13tube. After centrifuging, the upper solution was transferred to another
50-ml centrifuge tube, and the residue was transferred to a 125-ml
Savillex Teﬂon beaker, digested with 20-ml HF and evaporated to dry-
ness. Following this, 3 ml of concentrated HCl was added and the solu-
tion evaporated to dryness. This procedure was repeated to remove
HF from the solution before the upper centrifuged liquid was added
and dried. Then, 6 ml of concentrated HCl was added and evaporated
to dryness to clear the solution of HNO3. The residue was dissolved
with 50-ml of 3 N HCl and transferred to a 50-ml tube for centrifuging
at 4000 rpm for 5 min. The upper part of the solution was then used
for pre-concentrating PGE by Te-coprecipitation following the proce-
dure described in Qi et al. (2004). After further puriﬁcation using a
Dowex 50WX 8 cation exchange resin combined with P507 extraction
chromatograph resin to minimize the interference of Cu, Ni, Zr and Hf
(Qi et al., 2004), the elution solution was evaporated to about 3–5 ml
on a hot plate and then measured with a PE Elan 6100 DRC-e ICP-MS.
Pt, Pd, Ru and Ir were measured by isotope dilution, while 194Pt was
used as the internal standard to calculate the abundance of the
monoisotope element Rh (Qi et al., 2004). The mass bias was corrected
with linear interpolation of the measured ratio of a 10 ng/ml natural
Pt, Pd, Ru and Ir standard solution. The total procedural blanks were
0.009 ± 0.001 ng for Ir, 0.007 ± 0.002 ng for Ru, 0.009 ± 0.001 ng for
Rh, 0.022 ± 0.003 ng for Pt and 0.036 ± 0.003 ng for Pd on average
(n = 5, the uncertainties are 2 sigma variations). The detection limits
were 0.002 ppb for Ir, 0.003 ppb for Ru, 0.002 ppb for Rh, 0.005 ppb
for Pt and 0.006 ppb for Pd. Analytical results for standard referencematerials, WGB-1 (gabbro) and TDB-1 (diabase), are shown in Table 2.
The Ir, Ru and Rh concentrations of WGB-1 and TDB-1 are lower than
the certiﬁed values (Govindaraju, 1994), but agree well with values re-
ported by Meisel and Moser (2004). The analytical uncertainties are
within 15% for Ir and Ru, and within 10% for Rh, Pt and Pd. All data
were corrected for blanks.
Chemical compositions of sulﬁdeswere determinedwith a JEOL JXA-
8100 electronmicroprobe at Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences. An accelerating voltage of 15 kV, a beam di-
ameter of 10 μm, and a beam current of 20 nA were used with a
counting time of 20 s. Standards used for calibration are pyrite for S
and Fe, chalcopyrite for Cu, and pentlandite for Ni. The detection limits
range from 50 to 200 ppm for these elements. A ZAF correction proce-
dure was applied to the data. The precisions of the analyses are better
than 5% for major elements (N1 wt.%) and about 15% for trace elements
(b1 wt.%) from replicate analyses of standards. The estimation of the
bulk compositions of the sulﬁde globules followed the method of
Patten et al. (2012). Three analyses were carried out for ﬁne-grained
globules and the averages were used as the bulk composition. For glob-
ules with coarser textures, analyses were obtained for each individual
sulﬁde phase, and the bulk composition of the globule was determined
from the relative proportion of each phase. Because the sulﬁde globules
have a 3-dimensional structure, estimation of phase abundances based
on a 2-dimensional surface inevitably leads to some uncertainty, but
nevertheless allows for a rough approximation of the compositions of
the sulﬁde globules.
Table 1
Chalcophile elemental characteristics for MORBs from the SWIR.
Sample Litho. Group Lat. Lon. Depth Ni Cu Zr Cr Ir Ru Rh Pt Pd ΣPGE Cu/Pd Pt/Ru Pt/Pd
(°S) (°E) (m) ppm ppm ppm ppm ppb ppb ppb ppb ppb ppb
Zone A
SW-1 wr N 27.93 64.44 4386 167 72 118 307 0.049 0.097 0.024 0.185 0.429 0.784 167,084 1.91 0.43
SW-2 wr N 27.93 64.44 4386 175 73 123 320 0.043 0.074 0.038 0.266 0.505 0.926 144,613 3.59 0.53
SW-6 wr N 27.85 63.94 2951 43 100 143 165 0.008 0.026 0.019 0.071 0.145 0.270 687,932 2.73 0.49
SW-7 gl N 27.85 63.94 2951 45 105 143 177 0.020 0.045 0.018 0.086 0.213 0.383 493,129 1.91 0.40
SW-10 gl N 27.85 63.94 2954 36 97 156 82 0.014 0.033 0.008 0.057 0.223 0.334 437,031 1.73 0.26
SW-11 gl N 27.85 63.94 2954 33 91 157 78 0.010 0.032 0.010 0.037 0.069 0.158 1,308,655 1.16 0.54
SW-12 gl N 27.85 63.94 2954 36 102 163 90 0.019 0.043 0.015 0.066 0.202 0.346 504,980 1.53 0.33
Zone B
IR-4 wr N 31.09 59.11 4019 130 56 137 278 0.016 0.043 0.008 0.072 0.353 0.493 158,803 1.67 0.20
Zone C
SW-IV-6 wr N 37.47 51.73 1585 149 75 78.3 296 0.021 0.047 0.023 0.392 0.371 0.855 202,760 8.34 1.06
SW-III-21 wr N 37.47 51.72 1316 169 88 66.8 356 0.047 0.089 0.021 0.357 0.992 1.506 88,673 4.01 0.36
SW-IV-5 wr N 37.47 51.72 1316 173 87 69.3 349 0.155 0.079 0.045 0.352 0.630 1.262 137,527 4.46 0.56
SW-III-25 wr N 37.44 51.57 1961 103 86 66.4 285 0.017 0.036 0.009 0.168 0.373 0.603 231,603 4.67 0.45
SW-III-24 wr N 37.66 51.56 2673 79 86 69.9 175 0.010 0.022 0.006 0.089 0.256 0.383 333,635 4.05 0.35
SW-III-18 wr N 37.61 50.97 1889 136 81 72.1 291 0.038 0.096 0.039 0.713 1.476 2.361 55,183 7.43 0.48
SW-III-19 wr N 37.63 50.93 2086 175 100 72.7 360 0.062 0.124 0.039 0.629 1.136 1.991 87,667 5.07 0.55
SW-V-6 wr N 37.68 50.47 1631 75 53 77.7 200 0.057 0.026 0.006 0.079 0.157 0.325 336,966 3.04 0.50
SW-III-12 wr HD 37.66 50.47 1776 214 83 44.5 403 0.010 0.039 0.007 0.095 0.193 0.343 429,773 2.44 0.49
SW-III-8-1 wr N 37.66 50.47 1751 106 90 79.2 214 0.010 0.023 0.008 0.062 0.316 0.419 284,119 2.70 0.20
SW-III-8-2 wr N 37.66 50.47 1751 105 81 78.4 210 0.011 0.015 0.007 0.105 0.243 0.382 332,080 7.00 0.43
SW-III-9 wr N 37.66 50.47 1751 102 86 76.4 216 0.017 0.021 0.008 0.194 0.532 0.772 160,757 9.24 0.36
SW-III-10 wr HD 37.66 50.47 1751 127 100 55.8 289 0.006 0.021 0.003 0.020 0.056 0.106 1,785,053 0.95 0.36
SW-III-11-2 wr HD 37.66 50.47 1751 172 90 44.8 329 0.005 0.025 0.004 0.053 0.148 0.236 607,939 2.12 0.36
SW-IV-7 wr HD 37.66 50.47 1725 151 71 45.9 274 0.003 bdl 0.005 0.069 0.181 0.258 392,509 0.38
SW-III-14-2 wr HD 37.65 50.46 1729 275 93 45.9 494 0.023 0.085 0.019 0.186 0.224 0.538 415,901 2.19 0.83
SW-III-5 wr N 37.78 49.65 2831 157 89 91.9 358 0.061 0.120 0.042 0.733 1.459 2.414 60,683 6.11 0.50
SW-III-6 wr N 37.78 49.65 2831 150 85 92.4 338 0.052 0.109 0.045 0.742 1.381 2.330 61,274 6.81 0.54
SW-III-1 wr N 37.78 49.65 3000 155 89 90.8 333 0.055 0.120 0.048 0.769 1.471 2.463 60,313 6.41 0.52
SW-III-2 wr N 37.78 49.65 3000 152 88 90.7 354 0.046 0.110 0.055 0.802 1.442 2.455 61,024 7.29 0.56
SW-8-A wr N 37.78 49.65 2752 165 98 93.8 351 0.063 0.144 0.072 0.897 1.267 2.443 77,351 6.23 0.71
SW-8-B wr N 37.78 49.65 2752 166 100 93.6 381 0.065 0.133 0.024 0.453 0.670 1.345 149,520 3.41 0.68
SW-8-C wr N 37.78 49.65 2752 173 99 95.9 370 0.052 0.137 0.089 0.904 1.339 2.522 73,789 6.60 0.68
SW-9-A wr N 37.78 49.65 2752 167 106 94.2 384 0.052 0.146 0.083 0.870 1.572 2.723 67,250 5.96 0.55
SW-9-B wr N 37.78 49.65 2752 173 102 95.4 377 0.053 0.149 0.096 1.085 1.443 2.826 70,467 7.28 0.75
SW-II-1 wr N 37.78 49.65 2752 157 94 90.0 344 0.046 0.126 0.069 0.884 1.501 2.626 62,409 7.02 0.59
SW-III-4-1 wr N 37.78 49.65 2805 157 89 91.7 365 0.074 0.104 0.047 0.761 1.400 2.385 63,746 7.32 0.54
SW-III-4-2 wr N 37.78 49.65 2805 158 88 90.6 366 0.063 0.134 0.046 0.731 1.418 2.392 62,211 5.46 0.52
SW-III-7 wr N 37.78 49.65 2825 156 91 90.9 355 0.049 0.108 0.040 0.713 1.287 2.197 71,026 6.60 0.55
SW-IV-2 gl N 37.78 49.65 2825 157 89 96.6 339 0.040 0.083 0.037 0.734 1.315 2.210 67,837 8.84 0.56
SW-III-17 wr N 37.78 49.65 2780 142 96 96.4 326 0.040 0.082 0.032 0.675 1.273 2.103 75,786 8.23 0.53
SW-3 wr N 37.77 49.64 2941 158 100 90.5 360 0.053 0.146 0.064 0.914 1.485 2.662 67,616 6.26 0.62
SW-4 wr N 37.77 49.64 2941 167 100 95.0 360 0.045 0.125 0.061 0.809 1.552 2.592 64,215 6.47 0.52
SW-5 wr N 37.77 49.64 2941 167 105 92.8 377 0.051 0.149 0.069 0.936 1.528 2.732 68,934 6.28 0.61
SW-V-4 wr N 38.13 48.60 2274 204 83 57.7 402 0.053 0.146 0.064 0.914 1.485 2.662 56,011 6.26 0.62
Litho: lithology; Lat.: latitude; Lon.: longitude; wr: whole-rock; gl: glass; N: N-MORB; HD: HD-MORB.
4 A.Y. Yang et al. / Chemical Geology 382 (2014) 1–134. Analytical results
MORB samples from the SWIR investigated in this study are all
N-MORBs. Among them, some samples from Zone C have lower HREE
contents than others from Zone C and will be referred to as “HREE-
depleted MORBs (HD-MORBs)” (Fig. A1 and Table A1 in the online ap-
pendix). MORBs show linear correlations of MgO vs. Ni and Cr (Fig. 3a
and b), suggesting olivine and chromite fractionation during magmatic
evolution. These samples show no obvious correlation of MgO with CuTable 2
Analytical results of PGE for reference materials WGB-1 (gabbro) and TDB-1 (diabase).
Elements WGB-1 (gabbro)
Average (n = 5) Meisel Certiﬁ
Ir (ppb) 0.17 ± 0.02 0.211 0.33
Ru (ppb) 0.13 ± 0.01 0.144 0.30
Rh (ppb) 0.22 ± 0.02 0.234 0.32
Pt (ppb) 6.29 ± 0.68 6.39 6.10
Pd (ppb) 13.2 ± 1.01 13.9 13.9
The uncertainties are 1 sigma variations. Meisel = (Meisel and Moser, 2004). Certiﬁed = (Gov(Fig. 3c). The PGE concentrations of the basalts vary by a factor of 50,
with Pt contents ranging from 0.02 to 1.085 ppb (Table 1). Most
N-MORBs from Zone C have higher PGE contents than those from
Zones A and B (Table 1). HD-MORBs from Zone C have lower PGE con-
centrations than N-MORBs from the same zone (Table 1). The PGE con-
centrations display positive inter-element correlations (Fig. 4). MORBs
from the SWIR have relatively lower Pt/Ru (0.95–9.24) and Pt/Pd ratios
(0.2–1.06) than global MORB data in literature (Fig. 5a and b, Table 1).
The samples show positive correlations between Ni and PGE (Fig. 6).TDB-1 (diabase)
ed Average (n = 5) Meisel Certiﬁed
0.083 ± 0.011 0.075 0.15
0.21 ± 0.02 0.198 0.30
0.49 ± 0.03 0.471 0.70
5.18 ± 0.28 5.01 5.80
23.4 ± 1.2 24.3 22.4
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Fig. 3. Plots of Ni, Cr and Cu with MgO. The positive correlations of MgO with Ni and Cr
suggest fractionation of olivine and chromite during magmatic evolution.
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(Table 1). All the samples show PGE depletions relative to Ni and Cu
in the primitive mantle-normalized chalcophile element patterns, and
plot mainly in the MORB ﬁeld previously deﬁned (Fig. 7).
The chemical compositions of sulﬁde globules are listed in Table 3.
They have relatively narrow ranges of S (32.6–38.5 wt.%) and Fe (43.5–
62.1 wt.%) with highly variable Ni (0.06–10.4 wt.%) and Cu contents
(0.45–19.7 wt.%). Concentrations of Ni in the sulﬁde globules generally
correlatewellwithwhole-rockNi contents (Fig. 8), andmostly are consis-
tentwith partition coefﬁcients from300 to 1100. One low-Ni sulﬁde glob-
ule indicates a partition coefﬁcient of less than 100 (Fig. 8).
5. Discussion
5.1. Origin of sulﬁde globules
5.1.1. Timing of immiscible sulﬁde formation
Sulﬁde globules are common in fresh MORB glasses, and can be
found as spherical globules in the walls of vesicles (Moore and Calk,
1971; Moore and Schilling, 1973; Yeats and Mathez, 1976), as intersti-
tial grains in microcrystalline aggregates of plagioclase and olivine
(Mathez and Yeats, 1976), and as spherical globules in the glass and
phenocrysts (Mathez and Yeats, 1976; Czamanske and Moore, 1977)
(Patten et al., 2012).
The presence of sulﬁde globules within an olivine crystal and as in-
terstitial grains in aggregates of olivine (Fig. 2a) clearly indicates thatmagmas were S-saturated before or concurrently with the crystalliza-
tion of olivine during an early stage of magmatic evolution. Well-
developed sulﬁde globules similar to those in Fig. 2b, c and f found in
MORBs elsewhere were mostly interpreted to form prior to quenching
of the host magma (Mathez and Yeats, 1976; Patten et al., 2012).
However, it still remains unclear as towhether themagmawould be
S-saturated during quenching. On the one hand, both falling tempera-
ture and incipient crystallization of silicate phases would lead to sulﬁde
saturation, resulting in the formation of small (~10 μm), angular inter-
stitial sulﬁde grains similar to those shown in Fig. 2e in themicrocrystal-
line regions (Mathez, 1976). On the other hand, decompression would
also drive the magma away from sulﬁde saturation (e.g., Mavrogenes
and O'Neill, 1999) as it is transported to lower pressures during
eruption. Such a process is recorded by embayed sulﬁdes similar to
that in Fig. 2d, resulting from partial dissolution of the sulﬁde due to
negative pressure dependence of the solubility of sulfur in maﬁc melts
(Wendlandt, 1982; Peach et al., 1990). Peach et al. (1990) reported ob-
vious concentration gradients of Ni and S around one sulﬁde globule
(higher around the sulﬁde and lower further away from the sulﬁde)
which were taken to indicate that the globule was being dissolved
when the system was quenched. However, because the super-cooling
ofmagmas duringquenching could possibly prohibit effective equilibra-
tion between the sulﬁdes and hosting magmas, both sulﬁde dissolution
and sulﬁde saturationmay happen locally. Therefore, olivine crystalliza-
tion during quenching (Fig. 2e)would cause S-saturation locally and re-
sult in formation of angular sulﬁdes controlled by the crystallization
texture in the matrix near the olivine (Fig. 2e).
5.1.2. Compositions of immiscible sulﬁde liquids
Sulﬁde droplets in fresh MORB glasses formed before eruption and
then quenched from ~1200 °C to deep ocean temperature in only a
few minutes along with the silicate melt (Moore, 1975; Mathez, 1976;
Mathez and Yeats, 1976; Czamanske and Moore, 1977; Peach et al.,
1990; Patten et al., 2013). Thus, MORB glasses and their sulﬁde droplets
preserve liquidus relations and provide a unique opportunity to investi-
gate sulﬁde melt–silicate melt equilibrium just before quenching. Plots
of Ni contents of sulﬁde globules and whole-rock samples indicate
that the partition coefﬁcients of Ni between sulﬁde liquids and basaltic
magmas are mostly between 300 and 1100 (Fig. 8), consistent with
published partition coefﬁcient data (DNisulf/melt: 257–1300, Gaetani and
Grove, 1997; Jana and Walker, 1997; Peach and Mathez, 1993;
Rajamani and Naldrett, 1978; Sattari et al., 2002). Therefore, the Ni con-
tents of most sulﬁdes are in or close to equilibrium with the magma.
However, one sulﬁde globule (Fig. 2f) has a very low Ni content and
plots below the line representing a partition coefﬁcient of 100 (Fig. 8).
The calculated partition coefﬁcient is only 16 for this particular sulﬁde
(droplet SW-11-1), suggesting high disequilibrium of the sulﬁde with
the magma. Because the composition of the sulﬁde globules represents
that of sulﬁde liquids immiscible in the magma, a possible explanation
could be that this sulﬁde formed very shortly before eruption and
then underwent immediate supercooling such that the sulﬁde did not
equilibrate with the surrounding melt. However, this sulﬁde grain is
the largest in size among those found in this study (~80 μm). The size
of a globule should reﬂect its residence time in the melt and the fre-
quency with which it has contacted and consumed other globules
(Ostwald's ripening) (Peach et al., 1990). This frequency is a direct con-
sequence of the number of other globules present as well as the extent
to which a globule moves around in a magma “collecting” smaller ones
(Peach et al., 1990), suggesting that this sulﬁde should have been equil-
ibratedwith a larger amount of themagma than others. However, it also
has very low concentrations of other metal elements (~1 wt.%) except
Fe and shows disequilibriumwith themagma (Table 3). None of the sul-
ﬁde globules in MORBs reported so far have such special compositions.
Most sulﬁde grains have variable internal structures and consist of
different proportions of Cu–Fe-rich ISS and Fe–Ni-rich MSS phases.
The sulﬁde droplet textures in MORB glasses are representative of
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6 A.Y. Yang et al. / Chemical Geology 382 (2014) 1–13different stages of the early sulﬁde crystallization history at high
temperature: the ﬁne- and coarse-grained droplets correspond to the
primitive sulﬁde liquid and the zoned sulﬁde droplets correspond to
the stage where MSS crystallized and co-existed with a residual sulﬁde
liquid (the quenched ISS) (Patten et al., 2013). However, the Ni-poor
sulﬁde grain is homogeneous in composition and lacks an internal
structure (Fig. 2f), and thus differs from other sulﬁde grains. The ab-
sence of an internal structure could be due to the simple composition
of this sulﬁde grain, which only has minor amounts of elements other
than Fe and S, preventing crystallization of Cu–Fe-rich and/or Fe–Ni-
rich phases during cooling.
5.2. Chalcophile elemental compositions of the MORBs
Higher degrees of partial melting would produce magmas with
higher PGE contents due to the compatible nature of PGE if sulﬁdes re-
main in the source (e.g., Peach et al., 1990). Different source composi-
tions would also produce magma with different PGE characteristics
(Dale et al., 2008, 2012; Yang et al., 2011). Segregation of sulﬁdes
would deplete magmas in all PGE due to very high partition coefﬁcients
of PGE in sulﬁdes (e.g., Campbell and Barnes, 1984; Peach et al., 1990).
The efﬁciency of this process may vary with different segregation
modes, batch or fractional, and with different equilibration degree be-
tween the sulﬁdes and melt (Rehkämper et al., 1999; Bézos et al.,
2005). Therefore, the large variations of PGE contents of MORBs from
the eastern SWIR are likely controlled by both sulfur-saturated fraction-
al crystallization during magma evolution and melt extraction in the
mantle.
5.2.1. Sulfur-saturated fractional crystallization
Positive correlations of MgO vs. Ni and Cr (Fig. 3) of the MORBs
indicate fractionation of olivine and chromite, respectively. Thepresence of sulﬁde globules in MORBs suggests sulfur-saturated
magmatic evolution.
Palladium, a strongly chalcophile element, partitions almost exclu-
sively into sulﬁdes (DPdsulf/melt N 104, Fleet et al., 1999; Peach et al., 1990,
1994), whereas Cu partitions into sulﬁdes with much lower partition
coefﬁcients of ~1000 (Barnes and Lightfoot, 2005 and references
therein) and Ni partitions into both olivine and sulﬁdes (DNiol/melt:
1.35–13.6, DNisulf/melt: 257–1300, Barnes and Lightfoot, 2005 and refer-
ences therein). All samples from the SWIR (Fig. 7) show PGE depletions
relative to Ni and Cu, consistent with S-saturation of magmas before
eruption with sulﬁdes segregated during fractional crystallization.
Therefore, segregation of immiscible sulﬁde liquids combinedwith oliv-
ine fractionation during magmatic evolution can account for the posi-
tive PGE vs. Ni correlations of MORBs from Zone C (Fig. 6). MORBs
from the SWIR have Cu/Pd ratios ranging from 55,000 to 1,785,000,
much larger than the mantle value (~7000, Barnes and Maier, 1999),
consistent with S-saturated magmatic evolution.5.2.2. Quantitative modeling of sulﬁde segregated fromMORBs of the SWIR
The amount of segregated sulﬁdes exercises an important control on
the PGE compositions of magmas and can bemodeled by using a meth-
od modiﬁed from Bézos et al. (2005). The major element trends of
HD-MORBs and N-MORBs can be interpreted as liquid lines of descent
(LLD) by using the program MELTS (Ghiorso and Sack, 1995). Even
though each magmatic suite probably involved more than one parental
magma, the calculated LLD roughly ﬁt the data (Fig. A3). The mass and
mineralogy of the fractionating mineral assemblages calculated by
MELTS are summarized in Table 4. The calculations assume that differ-
entiation begins with liquid compositions that approximate the high-
MgO ends of the sample suites and evolves to compositions that
approximate the low-MgO ends of the trends. The calculated LLDs are
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(Table 4).
Different modes of sulﬁde segregation would have different effects
on the PGE systematics of basaltic magmas. Similar to fractionation of
silicate minerals, segregation of sulﬁdes is governed by either fractional
or batch fractionation. A parameter Sb was proposed as the mass
fraction of sulﬁde that displays batch partitioning compared to fraction-
al partitioning. Another parameter Reff was proposed as the mass frac-
tion of the silicate liquid with which the sulﬁdes equilibrate during
differentiation. The calculated amounts of segregated sulﬁdes (Xsulf)
would largely be dependent on the two modeling parameters used
(Rehkämper et al., 1999; Bézos et al., 2005).
Under pure fractional segregation of sulﬁde liquids from themagma
(Sb = 0), the partition of Pd between sulﬁde and silicate liquids follows
the Rayleigh fractionation law:
Cm ¼ C0  f D−1ð Þ ð1Þ
where C0 and Cm are Pd contents of the primitive and evolved samples,
respectively, f the melt fraction, and D the bulk partition coefﬁcient
for Pd.
Thus, bulk DPd can be calculated by using the following equation
rearranged from Eq. (1) (Table 5):
DPd ¼ 1þ log Cm=C0ð Þ= log fð Þ ð2Þ
The melt fraction f can be expressed as 1− (Xsil + Xsulf), where Xsil
and Xsulf are themass fraction of silicateminerals and sulﬁde liquids frac-
tionated during magma evolution, respectively. Because Xsulf is very
small compared to Xsil (Czamanske and Moore, 1977; Roy-Barman
et al., 1998), f equals 1− Xsil in the calculation.The mass fraction of sulﬁde segregated during differentiation could
then be calculated from the bulk Pd partition coefﬁcient and the Pd con-
centrations in the primitive and evolved magmas. Bézos et al. (2005)
use the following equation to calculate Xsulf written as
DPd ¼ Xsil  Dsil=meltPd þ Xsulf  D
sulf=melt
Pd ð3Þ
However, the calculation of bulk D should follow the equation
below:
D ¼ ΣmφDφ=melt ð4Þ
where m is the fraction of phase φ in the crystallizing mass. Therefore,
Eq. (3) should be changed to
DPd ¼ Xsil= Xsil þ Xsulfð Þð Þ  Dsil=meltPd þ Xsulf= Xsil þ Xsulfð Þð Þ  D
sulf=melt
Pd ð5Þ
By assuming that DPdsil/melt ≈ 0 and Xsulf ≪ Xsil, Eq. (5) can be
rearranged to
Xsulf ¼ Xsil  DPd=Dsulf=meltPd ð6Þ
The Xsulf can then be calculated by using DPdsulf/melt = 3.5 × 104 from
Peach et al. (1990).
Assuming complete equilibration between sulﬁde and silicate melts
(Reff = 1), the theoretical LLDs of Pd–Ni correlations (Fig. 9) and the
amounts of segregated sulﬁdeswere calculated by using the parameters
listed in Tables 4 and 5. In both cases the results agree well with the
observed trends and indicate that HD-MORBs andN-MORBshave segre-
gated 22 ppm and 52 ppm of sulﬁde liquids, respectively (Fig. 9). These
sulﬁde mass fractions (Xsulf) correspond to sulﬁde segregation rates
(expressed in ppm of sulﬁde segregated per % of fractional crystalliza-
tion [FC], Bézos et al., 2005) of 4 and 9 ppm/%FC for HD-MORBs and
N-MORBs from the SWIR, respectively, which are much higher
than that of MORB from the slow-spreading Kolbeinsey Ridge
(~1 ppm/%FC; Rehkämper et al., 1999, recalculated using this method).
Alternatively, by assuming Sb of 0.6 as proposed for MORB magmas
by Rehkämper et al. (1999) and Bézos et al. (2005), the Xsulf increases
up to 28 ppm and 110 ppm for HD-MORBs and N-MORBs, respectively.
This model also matches the Pd–Ni LLD of the two suites (Fig. 9).
Both models are based on complete equilibration between sulﬁdes
and silicate melts (Reff = 1). Another calculation method is used to
test the equilibration between the segregated sulﬁdes and themagmas.
The trends in the plots of S vs. MgO of magmatic suites can provide ad-
ditional constraints on the determination of Xsulf (Bézos et al., 2005).
Sulfur concentrations of MORBs can be roughly estimated from their
iron contents using the tight S vs. FeO positive correlation deﬁned by
worldwide MORBs (Mathez, 1976, 1980). Using the equation from
Mathez (1980), the most primitive and evolved samples of HD-MORBs
with FeOT contents of 10.0 and 9.30 wt.% are calculated to have ~1200
and ~1070 ppm sulfur, respectively. Thus, Xsulf could be calculated with
the melt fraction f with the following equation: Xsulf = C0/f − Cm,
where C0 is the sulﬁde content of the primitive sample (1200 ppm)
and Cm is the sulﬁde content of the evolved sample (1070 ppm), which
gives the amount of segregated sulﬁdes of about 200 ppm for HD-
MORBs. Although such an estimation is not very accurate, the calculated
Xsulf of 200 ppm is almost ten times higher than that estimated with Ni
vs. Pd correlations with a Reff of 1 (Xsulf = 22 ppmwith Sb= 0). Howev-
er, such a large amount of segregated sulﬁdes cannot be reconciled with
higher Sb because the Xsulf would not be larger than 32 ppm even with a
Sb of 1. There is no agreement until the Reff is lowered down to 0.12 with
Sb of 0 or 0.14 with Sb of 0.6, respectively.
The S and Pd variations during sulﬁde segregation of HD-MORBs are
calculated for differentmodels with varied Sb and Reff as listed in Table 5
(Fig. 10). The two models with high Reff plot clearly far above the
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Table 3
Bulk compositions of the sulﬁde globules.
Droplet Texture Size n Se As Co Cu S Ni Fe Total
μm (phase)⁎ wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%
SW-4-2 Coarse-grained 28 4 (1,2) bdl bdl 0.22 2.08 35.7 9.94 49.7 97.6
SW-4-3 Homogeneous. 43 3 bdl 0.02 0.23 0.45 38.5 10.4 48.1 97.7
SW-6-1 Fine-grained 32 3 0.01 0.01 0.22 1.37 38.2 4.41 55.3 99.6
SW-6-2 Coarse-grained 24 4 (1,2) 0.01 bdl 0.18 12.5 36.6 2.50 47.5 99.2
SW-6-3 Zoned 30 4 (1,2) 0.01 0.01 0.26 7.06 35.4 4.84 52.1 99.7
SW-6-4 Coarse-grained 15 4 (1,2) bdl 0.01 0.22 8.71 32.6 1.33 55.0 97.9
SW-10-1 Fine-grained 25 3 0.01 0.01 0.18 9.71 35.9 2.00 51.5 99.3
SW-10-2 Fine-grained 14 3 bdl bdl 0.20 2.49 36.8 2.59 56.6 98.8
SW-11-1 Homogeneous. 80 4 0.02 bdl 0.13 0.86 35.5 0.06 62.1 98.7
SW-11-3 Coarse-grained 25 6 (1,2) 0.02 0.01 0.15 18.1 34.7 1.34 43.5 97.8
SW-11-4 Fine-grained 13 3 0.01 0.02 0.16 19.7 35.1 1.72 43.6 100
⁎ Phase analyzed: (1) Ni-rich MSS, (2) Cu-rich ISS. For ﬁne-grained globules, bulk compositions are calculated with whole globule microprobe analysis. For coarse-grained and zoned
sulﬁde globules, bulk compositions are calculated by combining microprobe data on different sulﬁde phases. Homogeneous means no internal structure; bdl: below detection limit.
9A.Y. Yang et al. / Chemical Geology 382 (2014) 1–13observed S and Pb trend of HD-MORBs (Fig. 10). However, the model
with low Reff (0.12) and pure fractional segregation (Sb = 0) matches
the observed trend well (Fig. 10). In fact, such a low Reff is consistent
with the physical process of fractional segregation, since fractional seg-
regation process implies that the sulﬁdes are removed as soon as they
form and thus they would have little time to equilibrate with the
magma. In this case, the effective partition coefﬁcient of Pd in sulﬁdes
is only 4200, far below the published partition coefﬁcients of 35,000
(Peach et al., 1990). Consequently, MORB magmas from the SWIR
have undergone sulﬁde segregation during their evolution, but the
segregated sulﬁdes were incompletely equilibrated with the magma
(Reff≪ 1) based on PGE variations. Therefore, we infer that the segre-
gated sulﬁdes might be depleted in Ni, Cu and PGE, which could be
the main reason that the decrease of PGE contents during magmatic
evolution was only moderate (Fig. 6). Such a process could also explain
the scattered correlations between Cu andMgO (Fig. 3c). As themagma
segregated small amount of sulﬁdes during magmatic evolution with
low Reff, Cu contents in themagmawould not be signiﬁcantly depleted.
Therefore, the moderate Cu decreases due to segregation of sulﬁdes
might be superimposed by the Cu increases due to crystallization of sil-
icate minerals, thus no obvious Cu variations are observed with mag-
matic evolution (Fig. 3c).
5.2.3. Magma extraction in the mantle and early-stage magma evolution
To estimate the degrees of partialmelting, Na2O concentrations have
been corrected for the effect of low-pressure fractional crystallization by
recalculation at 8% MgO (Na8.0; Klein and Langmuir, 1987; Langmuir
et al., 1992). According to global Na8.0 vs. axial ridge depth correlations
(Fig. A2, Bézos et al., 2005; Klein and Langmuir, 1987), HD-MORBs and0
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The lines represent partition coefﬁcients of Ni between 100 and 1100, respectively.N-MORBs from Zone C were derived from higher degrees of partial
melting than those from Zones A and B.
HD-MORBs and N-MORBs from Zone C follow two distinct trends in
the plots of PGE vs. Ni (Fig. 6), suggesting that the two groups of rocks
were derived from different primitive magmas. Previously published
PGE data for MORBs plotted in the Ni vs. PGE diagram deﬁne high-F
and low-F ﬁelds (Fig. 6) representing melts generated by high and low
degrees of partial melting (Bézos et al., 2005), respectively. MORBs
from Zones A and B with relatively lower PGE and Ni than N-MORBs
from Zone C (Fig. 6) were formed by lower degrees of partial melting
(Fig. A2). N-MORBs from Zone C generally plot between previously
published high-F and low-F ﬁelds with relatively small slopes (Fig. 6).
However, HD-MORBs have lower PGE concentrations with higher Ni
contents than N-MORBs from Zone C, plotting even below the low-F
basalts (Fig. 6). BecauseHD-MORBs andN-MORBs fromZoneCwere de-
rived from similar degrees of partialmelting (Fig. A2), low PGE and high
Ni contents of HD-MORBs fromZoneCwere due to processes other than
different degrees of partial melting.
Either a PGE-depleted mantle source or earlier sulﬁde segregation
at a greater depth could possibly account for the PGE depletions of
HD-MORBs from Zone C. Because the mantle source would have higher
PGE concentrations after melt extraction due to the presence of sulﬁdes
in the melting residue, a PGE-depleted mantle source could only be
possible until sulﬁdes were exhausted from the mantle. Such a process
could cause depletion of all chalcophile elements including both PGE
and Cu in the mantle source. However, HD-MORBs have comparable
Cu concentrations with other N-MORBs (Fig. 3c), arguing against
a PGE-depleted mantle source. Furthermore, melting of such a S-
depleted source would produce magma with very low S contents and
subsequent fractionation of silicate minerals would hardly drive such
a S-depleted magma to S-saturation, inconsistent with the S-saturated
fractionation for HD-MORBs as deduced above. On the other hand,
MORB samples representmagma compositions after fractional crystalli-
zation and the fractional trends we observed in MORBs mostly repre-
sent the result of low-pressure fractionation (e.g., Michael and Chase,
1987). However, fractional crystallization of MORB magma could also
happen deep in the mantle especially at ultra-slow spreading ridges
(e.g., Herzberg, 2004), which could also affect the chalcophile elemental
compositions of the magma. Therefore, magma differentiation at a
greater depthmight lead to the formation and segregation of immiscible
sulﬁdes from the primitive melt of HD-MORBs and depleted the melt in
PGE at an early stage of magma evolution. Therefore, the PGE depletion
of HD-MORBs from Zone C could be attributed to earlier sulﬁde segrega-
tion at a greater depth.
MORBs from the SWIR have generally lower Pt/Ru and Pt/Pd ratios
than global MORB data published (Fig. 5a and b). Especially, N-MORBs
from Zones A and B and HD-MORBs from Zone C have chondritic
Pt/Ru ratios, (Fig. 5a) and also show relatively ﬂat Ru–Rh–Pt patterns
10
Table 4
Results of thermodynamic calculations with MELTS (Ghiorso and Sack, 1995).
HD-MORB N-MORB
aStart composition Calculated liquid aStart composition Calculated liquid
F 1 0.94 1 0.94
MgO(wt.%) 10.5 8.34 8.64 6.38
Al2O3(wt.%) 15.8 16.7 14.7 15.6
CaO(wt.%) 11.0 11.7 10.9 11.6
Fractionated mineralsb
Ol 0.06 0.06
Sp b0.01 b0.01
F: Mass fraction of liquid. Ol: olivine. Sp: spinel.
a The start compositions of the modeling, approximating the high-MgO ends of the two suites, were calculated to match the differentiation trends.
b Mass fractions of minerals fractionated.
10 A.Y. Yang et al. / Chemical Geology 382 (2014) 1–13in the primitive-mantle normalized chalcophile element patterns
(Fig. 7a, b and d), suggesting that there might be a Pt-depletion for
MORBs from the SWIR. All the samples showgood correlations between
Pt and other PGE (Fig. 4), suggesting that all PGE behave similarly dur-
ing magmatic evolution. Therefore, such a fractionation of Pt from
other PGE cannot be formed during magmatic evolution. Tholeiitic
magmas usually have lower Pt/Pd ratios than alkaline magmas, which
is attributed to Pt retention by Pt-alloys in the mantle during melting
at relatively dry conditions (Maier and Barnes, 2004). Pt-bearing alloys
have also been found in depleted melting residues (Luguet et al., 2003,
2007). Therefore, we infer that the lower Pt/Ru and Pt/Pd ratios of
MORBs from the SWIR might be caused by Pt-retention of some Pt-
rich alloys in the depleted melting residue.
5.3. Control of lithospheric structure on PGE of MORBs
Under ultra-slow spreading ridges, the lithosphere is thicker, leading
to a shorter melting column and a decreased total volume of melt pro-
duction (Bown and White, 1994). As a result, crustal thickness drops
off irregularly and dramatically (e.g., Reid and Jackson, 1981; Jokat
et al., 2003; Jokat and Schmid-Aursch, 2007), with signiﬁcant effects
on chemistry of melts (Ito and Mahoney, 2005). Major and trace ele-
mental characteristics (e.g., Na8.0, CaO/Al2O3, La/Sm and average REE)
demonstrate a decrease in the degree of partial melting and an increase
of the depth of the melting column with a gradually decreasing spread-
ing rate (White et al., 2001). However, PGE do not signiﬁcantly vary
with spreading rates, although PGE concentrations are highly variable
(Fig. 11). There may not be a ﬁrst-order relationship between PGE con-
centrations and extent of partial melting, and/or source enrichment fea-
tures in MORBs. However, MORBs from the SWIR exhibit much higher
sulﬁde segregation rates (Table 5) but show much more slowlyTable 5
Calculated bulk Pd partition coefﬁcient (DPd) using Eq. (2) and the Pd contents of the
primitive (C0) and evolved liquids (Cm), and quantitative modeling of the amounts of
segregated sulﬁdes.
HD-MORB N-MORB
C0 (ppb) 0.224 1.572
Cm (ppb) 0.109 0.256
DPd 12.6 30.03
Sb = 0 Sb = 0.6 Sb = 0 Sb = 0.6
Reff = 1 Reff = 0.12 Reff = 1 Reff = 1 Reff = 1
Xsulf (ppm) 22 ~200 28 52 110
Xsulf/FC (ppm/%) 4 ~33 5 9 18
ForN-MORB, C0 andCm are the Pd contents of SW-9-A andSW-III-24, respectively. For HD-
MORB, C0 is the Pd content of SW-III-14-2 and Cm is calculated tomatch the differentiation
trend. Sb: proportion of sulﬁde liquid segregation with batch partitioning compared to
fractional partitioning (Rehkämper et al., 1999). Reff: themass fraction of the silicate liquid
withwhich the sulﬁdes equilibrate during differentiation. Xsulf:mass fraction of sulﬁde liq-
uid segregated during differentiation. Xsulf/FC: sulﬁde segregation rate (ppmsulﬁde segre-
gated per % of fractional crystallization [FC]) (Bézos et al., 2005).decreasing PGE contents during sulfur-saturated fractional crystalliza-
tion than those of the faster-spreading Kolbeinsey Ridge (high-F suite
in Fig. 6).
Geophysical and petrological studies demonstrate that magma
chambers beneath the fast-spreading ridges like the East Paciﬁc Rise
are composed of a sill-like body surrounded by a transition zone to
the solidiﬁed surrounding rock and eruptions mainly tap the molten,
low-viscosity melt lens (e.g., Sinton and Detrick, 1992). Therefore,
when the magma reaches sulﬁde saturation and immiscible sulﬁde
forms, the presence of stable magma chambers beneath fast-spreading
ridges would allow complete equilibration of immiscible sulﬁdes with
the magma (high Reff). Under such circumstances, the immiscible
sulﬁdes in the magma could only be effectively separated from the
magma by the eruption of this batch of magma in the melt lens.
Hence, the sulﬁde segregation would be more likely to occur by batch
rather than fractional separation processes (high Sb). Complete equili-
bration of the segregated sulﬁdes with the magma (Reff = 1) would
efﬁciently deplete the magma in PGE as shown in Fig. 10. Thus, the
evolved MORB magmas would be very poor in PGE. Fractional segrega-
tion of sulﬁdes is commonly assumed to be more efﬁcient in removing
PGE from melts than batch segregation considering full equilibration
(Reff = 1) (Fig. 10). However, fractional segregation is unlikely to
occur at high Reff values as suggested in Section 5.2.2. Thus, batch segre-
gation would actually be more efﬁcient at depleting PGE in magma
(Fig. 10) just because it is more likely to occur at high Reff values.
The sparse PGE studies onMORBs from the East Paciﬁc Rise (spread-
ing rate N100 mm/year, Fig. 11) show low PGE contents with some of
the PGE below detection limits (Rehkämper et al., 1999; Bézos et al.,
2005), limiting our understanding of the PGE characteristics duringNi (ppm)
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Fig. 9.Pd vs. Ni diagramofN-MORBs (dots) andHD-MORBs (triangles) fromZone C, SWIR.
The solid lines are liquid lines of descent (LLD) for a pure fractional crystallization model
involving segregation of 52 ppm sulﬁde liquid (noted Xsulf) for the N-MORB suite and
22 ppm for the HD-MORB suite. Dashed lines are LLD for a combination of batch (60%)
and fractional (40%) crystallization (Sb = 0.6) involving segregation of higher mass frac-
tion of sulﬁde liquids (Xsulf).
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Fig. 10.Modeling of sulﬁde segregation using differentmodelingparameters in the Pd vs. S
diagram. The S contents ofHD-MORBs (dashed triangles) are estimatedusing the equation
from Mathez (1980) based on the tight S vs. FeO positive correlation deﬁned by world-
wide MORBs. Sb: proportion of sulﬁde liquid segregation with batch partitioning com-
pared to fractional partitioning (Rehkämper et al., 1999). Reff: the mass fraction of the
silicate liquid with which the sulﬁdes equilibrate during differentiation. Xsulf: the amount
of sulﬁdes segregated. The light gray curve represents S and Pd variations with pure frac-
tional segregation (Sb = 0) and complete equilibration with the magma (Reff = 1). The
dark gray curve represents S and Pd variations with pure batch segregation (Sb = 1)
and complete equilibration with the magma (Reff = 1). The black curve represents S and
Pd variations with pure fractional segregation (Sb = 0) and sulﬁdes equilibrated with
12% of the magma (Reff = 0.12). It is obviously shown that the modeling using Sb of 0
and Reff of 0.12 best matches the observed trend for HD-MORBs.
11A.Y. Yang et al. / Chemical Geology 382 (2014) 1–13magma evolution. However, this could also suggest that the magmas
underwent efﬁcient sulﬁde segregation during early fractional crystalli-
zation, largely depleting the magmas in PGE and that the derivative
magmas are all PGE-depleted. Beneath the well-known slow-spreading
Kolbeinsey Ridge, magma chambers are composed of a dike-like mush
zone and eruptions are closely coupled in time to injection of new
magma from the mantle (Sinton and Detrick, 1992). Although large
magma chambers may not be present, there would still be regular mag-
matic conduits for magma transportation.
Under ultraslow-spreading ridges, deep cooling of the thick litho-
spheric mantle depresses the top of the melting region (Reid and
Jackson, 1981; Bown and White, 1994; Shen and Forsyth, 1995; Niu
and Hekinian, 1997). In contrast to faster-spreading ridges where melt-
ing is predicted to continue up to near the base of the crust, along
ultraslow-spreading ridges melting shuts off at a depth of 40–50 km or10 100
PG
E 
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Fig. 11. Variation of PGE concentrations with full spreading rate. Open circles are MORB
data in this study (including two unpublished data for MORBs from the Central Indian
Ridge), and diamonds are MORB data from Rehkämper et al. (1999); Bézos et al. (2005).
PGE is the sum of Ir, Ru, Pt and Pd contents. Spreading rates were calculated using
Lamont–Doherty Plate Velocity Calculator (http://www.ldeo.columbia.edu/~menke/
plates 2.html) with plate motion model NUVEL-1 (Argus and Gordon, 1991).more beneath the base of the crust (Reid and Jackson, 1981). Therefore,
in ultraslow-spreading regimes there is a thick zone of conductively
cooled mantle above the melt region through which the MORB magmas
must penetrate. Unlike the fast- and slow-spreading ridges, no
magma chambers or regular magma conduits are available beneath
the ultraslow-spreading ridges during magma transportation. The
spreading cells where magma supply is focused in the mantle are
spaced by about 100 km along the SWIR axis, much larger than those
on the slow-spreading ridges (Sauter et al., 2001). Thus, magmas from
ultraslow-spreading ridges would pass through different magma con-
duits and would possibly undergo sulfur-saturated fractionation during
their ascent. Because MORB magmas contain a maximum possible
amount of sulﬁde in solution, crystallization of a small amount of silicate
minerals increases the sulﬁde concentration in the remaining liquid and
forces some of the dissolved sulﬁde out of the solution (Wallace and
Carmichael, 1992; Li and Ripley, 2005). Without the presence of
magma chambers, it would be difﬁcult for immiscible sulﬁdes to
equilibrate with all of the magma and the sulﬁde would be effectively
segregated from the magma during ascent and left behind in the trans-
portation paths. Therefore, the sulﬁde segregation beneath ultra-slow
spreading ridges is more likely to be fractional instead of batch fraction
(low Reff and Sb).6. Conclusions
1. Sulﬁde globules are observed in the MORB samples from the SWIR.
The presence of sulﬁde globules within an olivine crystal and as in-
terstitial grains in aggregates of olivine indicates sulfur-saturated
fractionation.
The Ni partitioning between the sulﬁdes and the magma suggests
that the sulﬁde globules preserved in the magma have mostly
achieved equilibration with the hosted magma. Only one sample
has a very low Ni content and the calculated partition coefﬁcient
for Ni in this particular sulﬁde globule is only 16, far below the pub-
lished values, suggest a high degree of disequilibrium of this sulﬁde
with the magma.
2. Due to the high partition coefﬁcient of all of the PGE in sulﬁdes, rapid
decrease of PGE during magmatic evolution is commonly expected
during S-saturated fractionation. However, MORBs from the SWIR
show only moderately decreasing PGE contents during magmatic
evolution, and the calculated sulﬁde segregation rates are even
much higher compared to MORBs from faster-spreading ridges. The
calculated effective partition coefﬁcient for Pd into sulﬁdes for
someMORBs from SWIR is only about 4200, far below the published
partition coefﬁcients of 35,000, suggesting that the segregated sul-
ﬁdes were poorly equilibrated with hosting silicate magmas.
3. Poor equilibration of segregated sulﬁdes with hosting magmas for
MORBs from the ultra-slow spreading SWIR is largely due to thicker
lithosphere and an absence of persistent magma chambers and
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